Salmonella enterica subsp. enterica-serotypes lead to periodically increased morbidity 27 and mortality in cattle herds. The bacteria can also lead to serious infections in humans. were more likely to cull cattle with increasing number of yellow and red flags than animals 55 with no flags. However, cattle were more likely to be culled with yellow and red flags 56 during times with low or medium high within-herd seroprevalence than at times with high 57 seroprevalence. These results are valuable knowledge for modelling and planning of 58 control strategies and for making recommendations to farmers about control options. 59 60
survival model was used to test the effect of number of red and yellow flags on hazards of 48 culling at different time points and interactions with prevalence in the herd while
Introduction 61
Salmonella enterica subsp. enterica serovar Dublin (S. Dublin) is the most 62 commonly isolated serotype of salmonella in cattle in Denmark (Anonymous, 2010) . 
Material and Methods 111

Selection of herds 112
A field study was carried out in 10 dairy herds over a period of three years to gain 113 experience with a structured approach to control of S. Dublin including risk assessment 114 followed by herd-specific targeted control actions in the herds, and test-and-cull or test-115
and-manage procedures. The herds were followed intensively through herd visits and 116 frequent testing of all animals. The herds had seroprevalences above 5% among cows at 117 time of inclusion in the study. All 10 herds had high (>25 corrected optical density-values 118 (ODC%)) Salmonella-antibody levels in bulk-tank milk measured through the Danish 119
cattle Salmonella surveillance programme for one to three years prior to the onset of the 120 study (Nielsen and Ersbøll, 2005; Nielsen and Nielsen, 2011). This strongly indicated that 121
Salmonella had been present in the herds for a period and still was present in the herds at The serotype most likely to be present was S. Dublin even though information about 124 relevant serotype was only available for six of the herds (five with only S. Dublin isolated 125 and one with dual S. Dublin and S. Typhimurium infections). All farmers joined the study 126 because they were motivated to actively try to eradicate the infection from their herd. 127
The demographics of the herds and information of management has been described 128 in detail elsewhere (Nielsen and Nielsen, 2011 and one for adult cows. This split of data was used because milk production data could 194 only be included for lactating cows. In the heifer dataset, the within-herd prevalence of 
Data management 204
Heifer dataset 205
The dataset of heifers included animals that had been sampled at least three times and 206 was constructed with one observation per animal indicating herd-id, animal-id, number of 207 red and yellow flags, within-herd seroprevalence at the last sampling date before culling or 208 first calving, and whether or not the heifer was sold or slaughtered before the first calving. 209
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Cow dataset 211
The adult cow dataset was constructed with one observation per sampling interval. The 212 first interval went from the first ELISA test date to next ELISA test date (or in case the 213 cow was culled before the next sampling round, the last date of the interval was set to be 214 the culling date). The next interval went from the second ELISA test date to the next 215 ELISA date and so forth. Thus, the cows entered the study on the first date they were 216 ELISA tested. Cows were either censored on the last ELISA test date plus 92 days, if they 217
were not culled within this period, or were set to have a failure ("culled" implying sold or 218 sent to slaughter) and left the study on the date of culling. 
Statistical analysis of cow data 251
All the statistical analyses of cows were performed in STATA ® IC/11. The time to 252 culling in adult cows was analysed using a semi-parametric survival model (Cox 253 proportional hazards model). Efron's method was used to handle ties in the data (multiple 254 culling events on the same end of study days for cows). The hierarchical structure of the 255 data with animals clustered at herd level was accounted for by including herd as a gamma 256 distributed shared frailty in the proportional hazards model. The estimation of the shared 257 frailty was done using a penalised likelihood function (Dohoo et al., 2009) . 258
Initially mean-ECM, mean-lnSCC, DIM and parity were forced into the model due 259 to expected strong confounding effects. The optimal functional form of continuous anddiscrete predictors with more than 10 levels was determined by the use of fractional 261 polynomials and evaluation of lowess smoothed graphs of Martingale residuals (Royston 262 and Sauerbrei, 2008). The fractional polynomial form (up to 4 terms) which best fit the 263 data was forced into all consecutive models to control for confounding. 264
Then a stepwise forward selection procedure was used to test the rest of the 265 explanatory variables including possible two-way interactions between the explanatory 266 variables of interest in the model. All effects were evaluated at a 5% significance level. 267
Inclusion of time-varying variables was used at the end of the modelling procedure where 268 it was evaluated as necessary by assessment of significance levels and differences in log-269 likelihood between subsets of models. 270
The assumption of proportional hazards was evaluated graphically for the 271 be included. Table 1 shows the distribution of the categorised prevalence and risk flag 293 variables in culled and non-culled heifers. In the initial univariable cross-tabulations the 294 risk of culling appeared to be significantly higher with increasing risk flag number (χ=33.8, 295
p<0.0001).The results of the final multivariable model are shown in Table 2 . Heifers with 296 one or more yellow flags had 2.7 (95%CI: 1.3-5.8) times higher odds of being culled, and 297 heifers with one or more red flags had 11.5 (95%CI: 4.7-28.3) times higher odds of being 298 culled than heifers with no flags. Furthermore, heifers had twice the odds of being culled 299 when prevalence was low as opposed to when prevalence was high (in the table OR for 300 high prevalence=0.5, p=0.009). However, the risk of culling did not change between years. 301 Table 4 ) at the beginning of the study period to more than three times 324 the hazard (HR=3.3, Fig. 3 ) at the medium number of study days for that group. In 325 contrast, cows with >5 flags were not more likely to be culled than cows with no flags 326 during periods with high prevalence in the herd (HR=0.4, Table 4) and this difference in 327 risk did not change significantly over time. 328
The functional forms of the confounders illustrated in Fig. 2 were evaluated to be 329 reasonable. For instance they showed that the risk of culling increased during the lactation 330 (DIM) and with increasing somatic cell count (lnsccc), and risk of culling decreased with 331 increasing milk yield (ECM) and the more the milk yield exceeded the expected milk yieldPreprint of manuscript accepted for publication in Preventive Veterinary Medicine March 11, 2011 15 The model fit as assessed by plots of Shoenfeld residuals for continuous variables 334 did not raise concerns (data not shown). Neither did plots of the Cox-Snell residuals for the 335 overall fit of the model (data not shown). We did not find influential outliers in the data. 336
The assumption of independent censoring was evaluated to be reasonable by sensitivity 337 analyses of correlations between censoring and culling. 338 339
Discussion 340
To our knowledge this is the first study to evaluate the effect of individual animal 341 level Salmonella-test status on culling probabilities of heifers and cows in dairy herds that 342 are attempting to control Salmonella-infection. The cut-off values used for the 343 classification of the animals were not decided by the authors aiming to be used in the 344 study. They were used by the classification system set up in the Danish Cattle Database. In 345 this study the classifications (yellow and red flags) that were communicated to the farmers 346 during the study period were simply used to analyse how the farmers made decisions based 347 on these results. To our knowledge it is not known how large a proportion of cattle in the 348 red or yellow flag groups are truly infected or infectious. However, one study found that 349 three out of nine animals with repeated antibody measurements that would lead to a red 350 flag in this study carried the infection in internal organs, but none of them shed bacteria in 351 faeces or milk (Lomborg et al., 2007) . 352
There were high hazard ratios for >5 flags in the low prevalence group and 2-5 353 flags in the medium prevalence group, but not in the high prevalence group. One flag 354 appeared to be protective against culling in the high prevalence group. Overall, there 355 appeared to be decreased hazard ratios for culling in the high prevalence groups. 356
Exceptions to this were medium and high prevalence groups with no flags. Due to the 357 time-varying effect in these groups the hazard ratios went from low to high over the coursePreprint of manuscript accepted for publication in Preventive Veterinary Medicine March 11, 2011 16 of the study. The fact that increasing number of risk flags was associated with increased 359 risk of culling was expected, because in the study farmers were advised to consider culling 360 these animals as part of the control strategy, in particular if they were not able to otherwise 361 manage the risk of Salmonella-transmission from the high risk animals by isolation or 362 separation. However, the analyses of the data provided a more nuanced culling pattern, in 363 that farmers were more hesitant to cull animals with risk flags during periods with high 364 within-herd prevalence than during periods with low within-herd prevalence. One 365 explanation for this could be that when the prevalence is high the number of animals with 366 risk flags is higher than when prevalence is low, and it is not feasible to cull too many 367 heifers and cows at the same time in a herd without losing too much of the production 368 capacity and having to purchase replacement heifers. This is important to take into account 369 when evaluating potential control strategies for instance in simulation models. The herds 370 were followed using four annual bulk-tank milk measurements from 2007 to 2010 after the 371 control period ended (data not shown), and in all herds repeated individual ELISA results 372 indicated that the herds were able to stop transmission of Salmonella despite the fact that 373 culling was not used consistently in the control period (Nielsen and Nielsen, 2011). 374
In our survival model, herd was included as a frailty (random effect) and the model fit 375 improved by keeping it in the model. This can be interpreted as overall differences 376 between herds in general culling strategies. Investigating differences among herds in the 377 effects of prevalence-flag groups would have required fitting a model with up to 11 378 additional variance components (random slopes). The data would not support this 379 expansion of the model. 380
Survival analysis with implementation of time-varying effects of health conditions has 381 been suggested as the most appropriate method for analysis of farmers' culling decisions 382 (Beaudeau et al., 2000) . Parity, mastitis, teat injuries, poor milk yield and to some extendmetabolic, reproductive and foot disorders have been shown to be drivers of culling 384 (Beaudeau et al., 2000; Cramer et al., 2009) . In this study we took into account parity, 385 lactation stage, somatic cell counts and milk yield, both as absolute yield and as the 386 deviation from the average of the herd mates at the same parity and lactation stage. We 387
were not able to include other disorders due to lack of reliable data for those. 388
Care has to be taken in the interpretation of the results, because as shown in Table 1  389 and Table 3 some flag or prevalence-flag groups had few observations. We have included 390 95% confidence intervals in Figs. 1 and Fig. 3 to illustrate the uncertainties of the 391 estimates. Some of the prevalence-flag groups in Fig. 3 , which show culling hazard 392
estimates at medium number of study days for each prevalence-flag group, have reasonable 393 narrow confidence interval and conclusive estimates. For cows there was a protective 394 effect of having one flag in the medium and high prevalence groups. This effect became 395 even more pronounced as number of study days increased (results not shown). The 396 explanation for this could be that during the study farmers became aware that it might be a 397 good idea to wait and see if the next ELISA-measurement would confirm the status of the 398 cow as being a high risk animal, or if it was just a temporary increase in antibodies that 399 caused the first flag. Having 2-5 risk flags was associated with increased risk of culling in 400 the medium and high prevalence groups, but not in the low prevalence group. This group 401 only had 11 culled cows and 66 cows in total across all herds, so it is difficult to say if it is 402 due to poor sample size that we were not able to show an effect. Salmonella through management and testing strategies. Hence, they might not be 418 representative of farmers that are less encouraged to control the infection, but might be 419 more or less forced to for instance through national legislation. 420
According to a simulation study about optimal control strategies for Salmonella in 421 cattle one of the most effective ways to achieve national prevalence reduction is to reduce 
